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METHOD FOR FATIGUE ASSESSMENT OF
ROLLING BEARING

CROSS REFERENC,

L1l

This application 1s the U.S. National Stage of International
Application No. PCT/SE2012/000046 filed on Mar. 28, 2012,
which claims prionity to Swedish patent application
no.1100243-3 filed Apr. 4, 2011.

FIELD OF THE INVENTION

The present invention relates to a method, or a test method,
for determining a fatigue limit for rolling contact mnitiated
fatigue of a rolling bearing. The method comprises running a
rolling bearing comprising a plurality of rolling elements
arranged between an outer and an 1nner ring, while the rolling
bearing 1s exerted to a load which generates sub-surface trans-
formations 1n a rolling element contact zone of the outer or
inner ring.

The present invention further relates to an apparatus
arrangement for testing a rolling bearing for the purpose of
determining a fatigue limit for rolling contact initiated
fatigue, wherein the apparatus arrangement comprises a test
rig for running a rolling bearing which 1s arranged to exert a
load on the rolling bearing for generation of sub-surface
transformations in a rolling element contact zone of the outer
or inner ring of the rolling bearing.

The method and apparatus arrangement according to the
present mnvention may for example be used for testing a roll-
ing bearing, or a set of rolling bearings, of a specified type,
and to evaluate the properties of the that type in order to
determine a fatigue limait for rolling contact mitiated fatigue.

BACKGROUND ART

During operation, a rolling bearing that e.g. 1s well lubri-
cated, properly aligned and sufficiently protected from efifects
of abrasive or moisture during operation may still fail from
rolling contact fatigue. This type of failure 1s normally
observed as flaking off of metallic particles from surface of
the raceway of an 1inner or outer ring of a bearing, or from the
surface of the rolling elements. The flaking typically com-
mences as a sub-surface crack below the surface which propa-
gates to the surface whereat a pit or a spall 1s formed 1n the
surface exerted to the load.

To improve the use and benefit of rolling bearings, it 1s
important to be able to predict length of service, life, endur-
ance, that can be achieved from a bearing 1n a specific appli-
cation. However, due to the rolling contact fatigue, the ability
to make this type of predictions 1s hampered.

In order to predict bearing fatigue parameters, statistical
procedures have been established for e.g. theoretical life pre-
dictions of bearing fatigue life. Such predictions, using e.g.
Weibull statistics, are based on large quantities of data which
are collected by experimental techniques encompassing large
populations of apparently identical rolling bearings which are
subjected to apparently identical load, speed, lubrication and
environmental conditions.

Methods for testing life, or endurance, parameters of bear-
ings are further used to evaluate and assess the bearing mate-
rial and manufacturing processes of bearings, such as surface
forming and heat treatment processes. However, the assess-
ment of 1mitiation and development of sub-surface initiated
fatigue 1n rolling contact applications 1s time consuming,
costly and difficult to measure and predict due to e.g. the
spread 1in experimental fatigue data. Known methods that are
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2

used encompass large expenditures and time 1n order to evalu-
ate the usefulness of steels intended for bearing steel compo-

nent production, and all ol these methods are hampered by the
use of numerous bearings that are tested under conditions that
are beyond the actual conditions of specific applications. In
other words, even though accelerated techniques are utilized,
a large amount of bearings must be tested for relatively long
times in order to achieve valid estimates of bearing life,
wherein the testing costs are closely linked to the manufac-
turing cost of the bearing test specimens.

SUMMARY OF THE INVENTION

In view of the above-mentioned and other drawbacks of the
prior art, a general object of the present invention 1s to provide
a method for determining a fatigue limit for rolling contact
initiated fatigue of a rolling bearing, which method comprises
running a rolling bearing comprising a plurality of rolling
clements arranged between an outer and an inner ring, while
the rolling bearing 1s exerted to a load which generates sub-
surface transformations 1n a rolling element contact zone of
the outer or inner ring. The method further comprises 1denti-
tying a set of sub-surface transformations in the contact zone
along a raceway portion of the rolling bearing, and measur-
ing, for each sub-surface transformation in the raceway por-
tion, a position parameter value representative of sub-surtace
depth and a stress parameter value representative of contact
stress 1n the contact zone. Moreover, the method comprises
generating a data set of sub-surface transformations compris-
ing the position parameter values 1n relation to the stress
parameter values for each sub-surface transformation, and
determining a fatigue parameter value representative of a
predicted fatigue limit for the rolling bearing based on the
generated data set of sub-surface transformations.

Advantageously, the present 1invention realizes an
improved method to evaluate the resistance of e.g. steel to
rolling contact fatigue in rolling bearings, which method pro-
vides a solution and definition of a rolling contact fatigue
limat. In particular, the method provides a more efficient, and
simplified low cost possibility to, with single or considerably
fewer test samples, realize a prediction of the fatigue limit for
the combination of specified relative bearing properties, such
as selected bearing steel material and heat treatment selected
for manufacturing, the resistance of the steel to sub-surface
initiated fatigue and an estimate of the combined steel and
heat treatment response to contact stresses.

Put in slightly different words, the present imvention 1s
based on the realization that, by providing a test method for
determining a fatigue limit for rolling contact initiated fatigue
of a rolling bearing, which method enables statistical evalu-
ation of the mitiation of and development sub-surface trans-
formations, such as initiation and progression of buttertlies
and buttertly wing formations 1n single test samples, mean-
ingful results and predictions 1s provided faster and 1n a more
cificient manner. Furthermore, by defining a relationship
between contact stress and sub-surface initiated fatigue along
a raceway portion of the rolling bearing, evaluation of stress
conditions between different stress levels, such as stress con-
ditions from very high, or maximum, to zero, or other suitable
ranges of stress conditions, 1s realized 1n single test samples.
Hence, compared to known test methods ol prior art which are
indirect and do not provide a direct prediction of rolling
contact fatigue limit, the present method facilitates and expe-
dites a prediction and definition of the relationship between
contact stress and sub-surface initiated fatigue.

When e.g. evaluating the possibilities of introducing a new
steel making and processing method for rolling bearing appli-
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cations, the method for determining a fatigue limit according
to an embodiment of the present invention may advanta-
geously be used to compare a number of factors, such as
different steel compositions or different heat treatments of the
same steel composition. Hence, the method advantageously
allow for fast prediction and relative comparisons between
various parameters of bearing samples.

For example, by generating a data set comprising position
parameters values and stress parameters values associated
with separate sub-surface transformations, the method allows
for extraction of usetul relationships between contact stress
and sub-surface transformations in the contact zone which
allow for fatigue limit predictions. It 1s €.g. possible to, for a
single test object, relate the formation of sub-surface struc-
tural transformation to the stress experienced at the location
ol a stress raiser generating it, and determine a fatigue limait
prediction based on those relations. For example, the deter-
mination of the a fatigue limit prediction may be realized by
analyzing the data set in order to 1dentity the distribution of
sub-surface transformation and dependencies of the gener-
ated sub-surface transformations in relation to depth and con-
tact stress. The data-set of sub-surface transformation param-
cter values may be analytically, numerically or graphically
analyzed, e.g. by plotting a contact stress/sub-surface depth
distribution. Hence, the data set may advantageously be used
for e.g. defining contact stress/depth plots, or spaces, which 1s
representative of the characteristics of the generated and 1den-
tified sub-surface transformations of the tested bearing. For
example, a test of a single test bearing may involve the gen-
eration of at least 20 sub-surface transformations, or at least
50, at least 100, or at least 500 individual sub-surface trans-
formations 1n the contact zone of the raceway portion of the
outer or 1ner ring.

According to exemplilying embodiment of the present
invention, the method fturther comprises determining at least
one shear stress level parameter value representative of shear
stress 1n the contact zone, wherein the shear stress level
parameter depends on contact zone depth and exerted contact
stress. Hence, 1n single test bearing samples, a data-set rep-
resentative of parameters values relating to depth below sur-
face, stress condition, associated with a plurality of sub-
surface transformation may be used 1n combination with the
determined shear stress level parameter value for determining
a Tatigue limit. According to an embodiment of the present
invention, the step of determining the fatigue parameter value
turther comprises comparing the at least one shear stress level
parameter value with the data set of sub-surface transforma-
tions. For example, test data in the form of the generated
data-set may be assessed and evaluated 1n relation to shear
stress levels by using e.g. a contact stress-depth plot 1n com-
bination with one or a plurality of shear stress levels. By
analyzing the parameters values associated with the sub-
surface transformations, prediction of the stress limit that
needs to be exceed 1n order to mitiate developing of sub-
surface transformations, or damages, 1s possible. Prediction
ol the stress limit that needs to be exceeded to 1nitiate sub-
surface transformation may be determined by analytical,
graphical or numerical, analysis of the data set.

The fatigue parameter value 1s, according to an embodi-
ment, determined based on a shear stress level parameter
value below which none, or less than 5%, or less than 10%, of
the sub-surface transformations generated during running of
the rolling bearing are formed. Hence, for a single test object,
the fatigue parameter may advantageously be predicted based
on collected parameter data associated with the identified
sub-surface transformations and a determined shear stress
level. In other words, a fixed shear stress level representative
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4

of a fatigue limit may be determined wherein essentially all,
or 95%, or 90% of the 1dentified sub-surface transformation
associated with and described in the data set are formed
during conditions exceeding the fixed stress level. Hence, 1n
determining a fatigue limit, the method advantageously
accounts for a range of sub-surface transformation occurring
at different depth and for different stress conditions 1n a single
bearing.

According to further exemplifying embodiment of the
present mnvention, the step of determining the fatigue param-
cter value further comprises determining a set of shear inter-
vals of consecutive shear stress level values, determining, for
cach shear 1nterval, a frequency parameter value representa-
tive of the number of sub-surface transformations situated
within each shear interval, and estimating the fatigue param-
cter value by approximating the relationship between the set
of shear intervals and the frequency parameter. Hence, an
eificient approach for analyzing and derive fatigue limit pre-
dictions 1s provided. For example, a contact stress/depth plot,
or space, defined by the data set, may be augmented with
shear stress curves derived for the specific test conditions
used during running of the test bearing specimen, which
curves defines separate groups, or intervals, in the data set.
Hence, based on the collected data of sub-surtace transfor-
mations, the frequency of sub-surface transtformation located
with each shear stress group 1s 1dentified and used for numerti-
cal, analytical, graphical, approximation of fatigue limit. For
example, curve f{itting, various numerical interpolation
approaches, or least square techniques, may be used for deter-
mining trends and curves based on the frequency of sub-
surface transformations 1n relation to contact stress/depth
data set.

Furthermore, according to an embodiment of the invention,
the exerted load develops a rolling contact stress, or maxi-
mum rolling contact stress, above at least 3000 MPa, or at
least above 4000 MPa, or at least above 4500 MPa. Hence,
high contact stresses are provided which advantageously gen-
erate an accelerated mnitiation and development of sub-sur-
face transformations. For example, a self-aligning ball bear-
ing, with point contact between rolling elements and an outer
spherical raceway, may be run 1n a test rig at 1800 rpm and
with radial load of 18 kN generating an outer ring contact
stress value of 4.9 GPa. A relatively high radial load, such as
between 15 and 20 kN, advantageously provides high contact
stress conditions in the raceway which will generate a statis-
tically relevant amount of sub-surface transformation. This
turther allows for statistically improved and relevant results
in term of predicted fatigue limit, either for a single test
object, or of a set of a two, five, or a few test objects.

The load may according to an embodiment be a radial point
load, or a load acting in an essentially circular, or point,
shaped area. Furthermore, the load may be fixed in relation to
the rolling element contact zone of either the outer or the inner
ring depending of which one is rotating. In other words, the
load 1s fixed 1n relation to the contact zone of the non-rotating
ring in which the generation of sub-surface transformations
takes place. This means that the contact stress exerted in the
contact zone of the raceway will differ with respect to the
location, or distance, along the raceway portion of the 1n
relation to the load contact point.

For example, according to an embodiment, the raceway
portion comprises a maximum load point, or maximum con-
tact stress point, and the raceway portion extends, from the
maximum load point, at least one quarter of the complete
raceway. Hence, essentially all of the sub-surface transforma-
tion generated in the portion may be 1dentified and analyze,
wherein the extension of the raceway portion comprises a
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suitable contact stress gradient. In particular, depending on
the exerted load the and operating properties, such as preload
etc., the contact stress amount may vary from a maximum
value at the load contact point to a lower level, or minimum
value, at e.g. a quarter distance of the raceway from the load
contact point.

According to a further exemplifying embodiment, the
method further comprises cutting through, or grind to, the
contact zone along the raceway, wherein the cut surface, or a
orind surface, coincides with a geometrical plane having a
normal direction coinciding with an axial direction of the
rolling bearing. By cutting, or grinding, the bearing into the
contact zone such that a cross-section surface having a normal
comnciding with the axial direction of the bearing, the sub-
surface transformations along the raceway portion may be
identified and measured 1n an efficient manner. For example,
according to an advantageous embodiment, the step of 1den-
tifying and measuring the sub-surface transformation com-
prises visual or optical inspection, such as high magnification
optical 1spection, microscopy, scanning electron micros-
copy, etc. Further mspection methods include metallurgical
and dimensional based measuring and examimng, and/or
chemical evaluation methods.

In yet an embodiment of the present invention, the method
comprises monitoring the occurrence of fatigue failure during
running of the rolling bearing, and running the rolling bearing,
until a predetermined fatigue parameter 1s reach. Operating
parameter used to indicate failure may be vibrations, noise,
and/or temperature, etc.

Typically, but not limited to this use, the method according
to an embodiment of the present invention 1s used for deter-
mimng a fatigue limit for rolling contact iitiated fatigue of a
ball bearing, such as a self-aligning ball bearings. In particu-
lar, the spherical geometry of e.g. the outer ring raceway
cnabling self-aligning capabilities, imply point contacts
between the balls and the raceway with sufliciently high
contact stress levels. It 1s noted, that a point contact typically
refers to a specific essentially circular shaped area at which
the ball and raceway meet, which may be compared with a
bearing comprising roller elements having larger ellipse
shape contact areas.

According to another aspect of the present invention, it
relates to a computer program comprising program code
means for performing the method according to any one of the
described embodiments of the present invention, when the
program 1s run by at least one micro processor.

According to yet another aspect thereot, the present inven-
tion relates to an apparatus arrangement for testing a rolling,
bearing, which arrangement comprises a test rig for running a
rolling bearing comprising a plurality of rolling elements
arranged between an outer and an inner ring. The test nig 1s
arranged to exert a load on the rolling bearing for generation
ol sub-surface transformations 1n a rolling element contact
zone of the outer or inner ring. Moreover, the apparatus
arrangement comprises a measuring device arranged to 1den-
tify a set of sub-surface transformations in the contact zone
along a raceway portion of the rolling bearing, which mea-
suring device 1s further arranged to measure, for each sub-
surface transformation in the raceway portion, a position
parameter value representative of sub-surface depth and a
stress parameter value representative of contact stress in the
contact zone, and a control unit configured to collect param-
cters values and generate a data set of sub-surface transior-
mations comprising the position parameter values 1n relation
to the stress parameter values for each sub-surface transfor-
mation, which control unit i1s further configured to determine
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a fatigue parameter value representative of a predicted fatigue
limait for the rolling bearing based on the generated data set of
sub-surface transformations.

Advantageously, the apparatus arrangement according to
the present invention allows for improved evaluation and
assessment of the resistance of e.g. steel to rolling contact
fatigue 1n rolling bearings. Furthermore, the apparatus
enables an efficient and improved approach of defining a
rolling contact fatigue limit. In particular, the apparatus
allows for a more efficient, and low cost possibility to, with
single or considerably fewer test samples, realize a prediction
of the fatigue limit for the combination of specified relative
bearing properties, such as selected bearing steel material and
heat treatment selected for manufacturing, the resistance of
the steel to sub-surface initiated fatigue and e.g. an estimate of
the combined steel and heat treatment response to contact
stresses. Furthermore, the apparatus arrangement 1s further
advantageous 1n similar manners as and may be adapted 1n
correspondence with the method and method embodiments
according to the present invention.

Other objectives, features, and advantages of the present
invention will appear from the following detailed disclosure,
from the attached dependent claims as well as from the draw-
Ings.

BRIEF DESCRIPTION OF DRAWINGS

The present invention will now be described 1n more detail,
with reference to the appended drawings showing at least one
exemplilying embodiment of the invention, wherein:

FIG. 1a 1s a tlow chart schematically illustrating an
embodiment of the method according to the present imnven-
tion.

FIG. 15 1s a flow chart schematically illustrating an
embodiment of the method according to the present mnven-
tion.

FIG. 2a schematically illustrates a perspective cut out view
ol a self-aligning ball bearing.

FIG. 2b schematically 1llustrates a cross-sectional view of
a self-aligning ball bearing.

FIG. 3 schematically illustrates two side views of an outer
ring of a bearing for testing according to an embodiment of
the method according to the present invention.

FIG. 4 schematically illustrates an exemplifying sub-sur-
face transformation generated 1n the contact zone along the
race way of a bearing.

FIG. 5 schematically illustrates a graphical representation
ol a generated data set of sub-surface transformation param-
eter values according to an embodiment of the method
according to the present mvention.

FIG. 6 graphically 1llustrates determined shear stress levels
in a contact stress/depth-diagram according to an embodi-
ment of the present invention.

FIG. 7a-c schematically and graphically illustrate data of
sub-surface transformations and fatigue limit approximations
based on a first exemplilying test according to an embodiment
of the method according to the present invention.

FIG. 8a-b schematically and graphically 1llustrate data of
sub-surface transformations and fatigue limit approximations
based on a second exemplifying test according to an embodi-
ment of the method according to the present invention.

FIG. 9 schematically illustrates an embodiment of an appa-
ratus arrangement according to the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

In the drawings, similar, or equal elements are referred to
by equal reference numerals. The drawings are merely sche-
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matic representations, not true to scale and should not be
considered as limiting the scope of the invention.

In FIG. 1a-b two different method embodiments 1 and 11
according to the present invention are 1llustrated 1n schematic
flow charts. With reference to FIG. 1a, 1n an initial running
bearing step 2, atest bearing 1s run in a test rig, such as an SKF
R-2 test machine, wherein the test bearing i1s subject to a
mechanical load which generates sub-surface transforma-
tions in the raceway contact zone. The contact zone 1s formed
of the three dimensional volume of the raceway material
which 1s subject to internal stress and shear stress conditions
generated and mnitiated at the e.g. the point shaped rolling
contact area between a ball shaped rolling element and the
raceway. Typically, the test bearing 1s run until the occurrence
of spalling or sub-surface initiated fatigue failure, or until
intentional suspension of the running procedure. After run-
ning, 1n an identification step 3, the contact zone along the
raceway of the outer, or inner, ring of the test bearing 1s
ispected, wherein a set of statistically relevant number of
sub-surface transformation, such as buttertly formations gen-
erated by inclusions, are identified. Identification may e.g. be
done by different techniques comprising optical, or visual,
examination of the internal structure of the contact zone of a
portion of the raceway.

In a measuring step 4, for each sub-surface transformation
in the examined raceway portion, a position parameter value
representative of sub-surface depth and a stress parameter
value representative of contact stress in the contact zone are
measured. For example, the position of each structural feature
generated by sub-surface transformation i1s recorded with
regards to its depth into the raceway and to 1ts circumierential
position 1n relation to the applied load. Furthermore, the size
of inclusions generating butterflies and the maximum (one-
sided) size of the wing generated may by measured and
recorded by light microscopy examination at e.g. S00x mag-
nification.

For example, the contact zone along the raceway portion of
the outer or inner ring 1s examined on longitudinal
“Melander” cuts which extend through the raceway contact
zone. Moreover, the position and stress parameter values for
cach sub-surface transformation may be measured directly
aiter identification of each transformation. Alternatively, a set
ol sub-surface transformations are i1dentified 1n a first step
alter which parameters values associated with each separate
sub-surface transformation 1s measured in a later step.

As further illustrated 1n FIG. 1a, the method comprises a
generating data set step 5, 1n which a data set of sub-surface
transiformations comprising the position parameter values in
relation to the stress parameter values for each sub-surface
transformation 1s generated. Hence, the collected data 1s com-
piled mto a data set comprising parameter value information
which 1s used for defining a relationship between contact
stress and sub-surface mnitiated fatigue along a raceway por-
tion of the rolling bearing. Moreover, 1t allows for evaluation
of stress conditions between different stress levels, such as
stress conditions from very high, or maximum, to zero, or
other suitable ranges of stress conditions, 1s realized 1n single
test samples. For example, the generated data set comprises a
set of first values representative of the position parameter
indicative of raceway depth of each one of the set identified
sub-surface transformations, and a set of corresponding sec-

ond values representative of the stress parameter which indi-
cates the contact stress value associated with the set of 1den-
tified sub-surface transtormations, wherein the stress value 1s
determined by the distance, or angular distance, of the sub-
surface transformations to a load contacting point on the race
way where mechanical load 1s applied. The generated data set
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may further comprises additional parameters values associ-
ated with the sub-surface transformations, such as buttertly
with growth, lateral or axial location of the sub-surface trans-
formation 1n relation to a longitudinal extension of the prin-
cipal raceway direction, direction of sub-surface growth, gen-

eral operating conditions of the test method, or type of sub-
surface transformation.

As further shown in FIG. 1a, the method 1 comprises a
determining fatigue prediction step 6, in which a fatigue
parameter value representative of a predicted fatigue limat for
the rolling bearing 1s determined based on the generated data
set of sub-surface transformation. In other words, the data set
ol parameter values retrieved from the single bearing test
object may be analyzed 1n order to determine e.g. a contact
stress value, 1nternal shear stress value, or equivalent static
bearing load value indicative of a predicted fatigue limit for
the tested bearing type. Hence, an efficient, versatile and
accelerated method for predicting, or comparing, fatigue
properties of a single, or a set of, bearings 1s provided.

With reference to FIG. 15, the method 22 for determining
a Tatigue limit for rolling contact iitiated fatigue of a rolling
bearing comprises similar initial operational step as described
with reference to FIG. 1a, 1.e. the step of running bearing 12,
identification 13 of sub-surface transformation, measuring 14
parameter values of the sub-surface transtormation, and gen-
erating data set 15. As further illustrated, the method 11
comprises the step determining shear stress level intervals 16,
wherein suitable shear stress value intervals are determined
and used for analyzing and mapping of the parameter values
in the data set. In particular, the shear stress intervals are used
for grouping the sub-surface transformations based on their
associated parameter values. As 1llustrated in FI1G. 15, this 1s
performed 1n a determining frequency parameter step 17, in
which a frequency parameter value representative of the num-
ber of sub-surface transformations situated within each shear
interval 1s determined. Based on the frequency parameters,
the method 11 further comprises an approximating fatigue
parameter step 18 comprising an estimation of a fatigue
parameter value by approximating the relationship between
the set of shear mtervals and the frequency parameters.

In FIG. 2a, a perspective cut out view of a self-aligning ball
bearing 20, 1s schematically illustrated. In particular, the ball
bearing 20 constitutes a suitable test bearing appropriate for
fatigue testing and prediction according to the present mven-
tion. The ball bearing 20 comprises a plurality of rolling
clements 1n the form of balls 21 arranged 1n two adjacent rows
between an outer 22 and an inner ring 23. Considering the
geometry of the ball bearing 20, 1t comprises an nner ring
raceway 30 having a groove which provides an increased
rolling contact area between the balls 21 and the inner ring 23.
Hence, a load applied during the testing 1s distributed over a
relatively large area which means that a low, typically statis-
tically non-relevant, number of sub-surface transformation
will be generated 1n the inner ring. The rolling contact
between a raceway 31 of the outer ring 23 and the balls,
however, forms a small point contact which focuses the
applied load onto the raceway 31 which increases the genera-
tion of sub-surface transtformation. According to embodi-
ments of the method according to the present ivention, 1t 1s
used for testing bearings having a geometry enabling sudfi-
ciently high contact stresses, or normal stresses, e.g. 1n the
regime ol 3000-6000 MPa. For example, suitable rolling
bearing types includes, but 1s not limited to, bearing having
single, two, and a limited number of point contacts between
the rolling element and the inner or outer ring.

In FIG. 25, a cross-sectional view of the self-aligning ball
bearing 20, 1s schematically 1llustrated. As shown, a radially




US 9,074,970 B2

9

inner side of the outer ring 23 comprises a curved, or spheri-
cal, cross-sectional shape wherein the rolling contact area
between the ball 21a and the raceway 31 defines a contact
zone 24a 1n which stress and shear stress are generated due to
the applied load. Hence, the contact zone comprises a volume
wherein sub-surface transformations mainly initiate and
develop at a given depth inside the outer ring below the
raceway 31 contact area, typically at the location of maximum
shear stress.

FI1G. 3 schematically illustrates two side views of an outer
ring 22 of a bearing for testing according to an embodiment of
the method. In the left view, a load L applied to the bearing,
during testing, 1s illustrated. The load 1s fixed in the relation to
the tested outer ring 22 and defines a maximum load point
indicated by A. The contact stress generated by the load L
decrease 1n a direction towards a low load point, indicated by
B. After running the bearing 1n a test rig, a portion 25 of the
raceway defined between the maximum load point A and the
low load point B 1s examined for identification and measuring
of sub-surface transformations. As illustrated, the portion of
the raceway 25 corresponds to an angular distance of 90
degree. However, the raceway portion may correspond to an
angular distance, in relation to the maximum loading point A,
in the range between 30 and 150 degrees, between 45 and 135
degrees, or between 70 and 110 degrees. Alternatively, data
from sub-surface transformation along the full length of the
raceway 31 may be collected.

In the right view of FIG. 3, the radially outer side of the
outer ring 22 1s 1llustrated, wherein, after running the bearing
in the test rig, the central raceway regions may be examined
by cutting a Melander cut as indicated by 26, hence providing
a cross-sectional view of the contact zone and raceway of the
tested bearing. The cut may be provided by separating the
outer ring 1nto two parts along 26, or by removing material,
¢.g. by grinding axially into the outer ring 1n a planar manner
such that a mspection surface extending 1n a plane having a
normal direction coinciding the axial direction of the outer
ring 22 1s provided.

FI1G. 4 1llustrates an exemplilying sub-surface transforma-
tion 40 generated 1n the contact zone along the race way of a
bearing during testing according the present invention. The
transformation 40 constitutes a typical butterfly having wing
formations 41 and 42. Furthermore, the s1ze and composition
of an 1nclusion 43 are typical parameters that drive the devel-
opment of micro-crack associated buttertly wing formations
41 and 42. Typically, sub-surface transformations, such as
buttertlies, occur at depth coinciding with the depth of the
maximum shear stress level, which level 1s considered the
main operative stress driver for micro-crack developments in
the contact zone.

In FIG. 5, a graphical representation of an exemplifying
generated data set of sub-surface transformation parameter
values according to an embodiment of the method according,
to the present invention, 1s schematically illustrated. The
position and stress parameter values of each sub-surface
transformation identified in the test method have been plotted
into a contact stress/depth-diagram, wherein each dot 1s rep-
resentative of a sub-surface transformation. The vertical axis
1s representative ol the position parameters which corre-
sponds to how deep the sub-surface transformations are
located into the contact zone, while the horizontal axis cor-
responds to stress condition generated by the applied
mechanical load. In more detail, the applied load generated a
maximum contact stress ol 4900 MPa at the maximum load-
ing point L as indicated with reference to FIG. 3. As can be
seen from the plotted data, an increased number of sub-
surface transformations have been generated in close prox-
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imity to the maximum loading point. As can be further
derived from distribution of the data set of sub-surface trans-
formations 1n the plotted contact stress/depth-diagram, sub-
surface transformation having the greatest depth are also
located 1n close proximity with the maximum loading point at
the rnght hand side of the diagram.

FIG. 6 graphically illustrates exemplilying shear stress
level parameter values 1 a contact stress/depth-diagram
according to an embodiment of the present invention. The
shear stress level parameter values are representative of shear
stress 1n the contact zone and depend on contact zone depth
and exerted contact stress. The shear stress level values are
plotted 1n the range between 200 and 1100 MPa, as indicated
by the upper vertical axis. For example, a fatigue limit based
on the information contained 1n the plotted data set of sub-
surface transformation may be provided by identification of a
suitable shear stress level value at which no sub-surface trans-
formation are formed.

With reference to FI1G. 7 and FIG. 8, two applications of the
invention are presented by schematically and graphically
illustrating data of sub-surface transformations and fatigue
limit approximations from a first and a second exempliliying
test according to an embodiment of the method. In more
detail, for evaluation of the possibilities of introducing a new
steel making and processing method for rolling bearing appli-
cations, the test method and the evaluation procedure 1s used
to compare a number of factors.

With reference to FIG. 7a-c, test data for a self-aligning
ball bearing comprising a poorly hot reduced standard steel 1s
presented, wherein FI1G. 8a-b comprise test data for a similar
bearing comprising high cleanliness steel with a degree ofhot
forming reduction.

In FIG. 7a, the data set of sub-surface transformations are
plotted 1n a contact stress/depth diagram together with a
determined set of shear intervals of consecutive shear stress
level values. In FIG. 7b, a determined frequency parameter
value representative of the number of sub-surface transior-
mations situated within each shear interval 1s plotted, wherein
an approximation of the relationship between the shear stress
intervals and the number of sub-surface transformation 1s
approximated by curve fitting. In FIG. 7¢, the data has be
further generalize, wherein the results have been converted
into number of sub-surface transformation per unit area of a
projection of the examined raceway portion. As an example,
the curve fitting based on the exemplifying data provides an
estimated fatigue limit value of 220 MPa 1.e. the approxi-
mated level of zero sub-surface transformations per unit area.
The data set of sub-surface transtormation for the high clean-
liness steel 1s graphically plotted 1n a similar manner 1n FIG.
8a. An analogous analysis of the frequency of sub-surface
transformations 1n relation to shear stress level intervals pro-
vides a generalized result of number of transformation per
umt area, as illustrated in FIG. 8b. For this bearing, the
approximated fatigue limit, calculated in the same way, 1s
increased to 350 MPa.

In exemplifying tests according to embodiments of the
method, bearings were run under the same conditions using
standard SKF R-2 machines running at 1800 rpm. A pure
radial load of 18 kN was mechanically applied for giving an
outer ring Po 014.9 GPa,a C/P o1 2.16, an unadjusted .10 life
of 10 Mrevs, and an adjusted .10 mh life estimate of 12.8

Mrevs. A circulating o1l lubrication system was used with
Shell Turbo 100 as lubricant.

The bearing outer ring operating temperature was main-
tained at 70-80° C. giving a kappa value K" o1 2.61. The tests
were monitored by a sensitive envelope system, and were run
to the occurrence of spalling, or to intentional suspension. An
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exemplilying apparatus arrangement 90 for testing a rolling
bearing 1s schematically illustrated in FIG. 9, which appara-
tus arrangement 90 comprises a testrig 91 arranged to exert a
load on a rolling bearing during test running, a measuring
device 92 arranged to i1dentily a set of sub-surface transior-
mations generated during the test run, and a control unit 93
configured, or 1nstructed, to collect parameters values and to
determine a fatigue parameter value representative of a pre-
dicted fatigue limit. The control unit 93 may e.g. comprises a
microprocessor and a storing device, or an operator perform-
ing fatigue limit predictions.

It 1s noted that the invention has mainly been described
above with reference to a few embodiments. However, as 1s
readily appreciated by a person skilled in the art, other
embodiments than the ones disclosed above are equally pos-
sible within the scope of the mmvention, as defined by the
appended patent claims. It 1s further noted that, 1n the claims,
the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude a
plurality. A single apparatus or other unit may fulfill the
functions of several items recited 1n the claims. The mere fact
that certain measures are recited 1n mutually different depen-
dent claims does not indicate that a combination of these
measured cannot be used to advantage. It 1s noted, that the

method and apparatus arrangement according to the invention
may be executed and operated in different orders.

The mvention claimed 1s:
1. A method for determiming a fatigue limit for rolling
contact mnitiated fatigue of a rolling bearing, the method com-
prising:
running a rolling bearing, having a plurality of rolling
clements arranged between an outer and an inner ring,
wherein the rolling bearing 1s exerted to a load which
generates sub-surface transformations in a rolling ele-
ment contact zone of the outer or 1nner ring, and

identifying a set of sub-surface transformations 1n the con-
tact zone along a raceway portion of the rolling bearing,
and

measuring, for each sub-surface transformation in the race-

way portion, a position parameter value representative
of sub-surface depth and a stress parameter value repre-
sentative of contact stress 1n the contact zone, wherein
the method further comprises:

generating a data set of sub-surface transformations com-

prising the position parameter values 1n relation to the
stress parameter values for each sub-surface transforma-
tion,

determining a fatigue parameter value representative of a

predicted fatigue limit for the rolling bearing based on
the generated data set of sub-surface transformations,
determining at least one shear stress level parameter value
representative of shear stress in the contact zone,
wherein the shear stress level parameter value depends
on contact zone depth and exerted contact stress, and
comparing the at least one shear stress level parameter
value with the data set of sub-surface transformations.

2. The method according to claim 1, wherein the fatigue
parameter value 1s determined based on a shear stress level
parameter value below which none of the sub-surface trans-
formations generated during running of the rolling bearing
are formed.

3. The method according to claim 1, wherein the step of
determining the fatigue parameter value further comprises:

determining a set of shear intervals of consecutive shear

stress level values,
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determiming, for each shear interval, a frequency parameter
value representative of the number of sub-surface trans-
formations situated within each shear interval, and

estimating the fatigue parameter value by approximating
the relationship between the set of shear intervals and the
frequency parameter.

4. The method according to claim 1, wherein the exerted
load develops a rolling contact stress above 3000 MPa.

5. The method according to claim 1, wherein the load 1s a
radial point load.

6. The method according to claim 3, wherein the raceway
portion comprises a maximum load point, and

wherein the raceway portion extends, from the maximum

load point, at least one quarter of the complete raceway.
7. The method according to claim 1, wherein the load 1s
fixed 1n relation to the rolling element contact zone.
8. The method according to claim 1, further comprises
cutting through, or grinding through to, the contact zone
along the raceway, wherein a cut surface coincides with a
geometrical plane having a normal direction coinciding with
an axial direction of the rolling bearing.
9. The method according to claim 8, wherein the steps of
identifying and measuring the sub-surface transformation
comprises visual or optical inspection.
10. The method according to claim 1, further comprising,
monitoring the occurrence of fatigue failure during running
of the rolling bearing, and running the rolling bearing until a
predetermined fatigue failure parameter 1s reached.
11. The method according to claim 1, wherein the rolling
bearing 1s a self-aligning ball bearing.
12. A method for determining a fatigue limit for rolling
contact mnitiated fatigue of a rolling bearing, the method com-
prising:
running a rolling bearing, having a plurality of rolling
clements arranged between an outer and an inner ring,
wherein the rolling bearing 1s exerted to a load which
generates sub-surface transformations in a rolling ele-
ment contact zone of the outer or 1ner ring, and

identifying a set of sub-surface transformations in the con-
tact zone along a raceway portion of the rolling bearing,
and

measuring, for each sub-surface transformation in the race-

way portion, a position parameter value representative
of sub-surface depth and a stress parameter value repre-
sentative of contact stress 1n the contact zone, wherein
the method further comprises:

generating a data set of sub-surface transformations com-

prising the position parameter values 1n relation to the
stress parameter values for each sub-surface transtorma-
tion, and
determining a fatigue parameter value representative of a
predicted fatigue limit for the rolling bearing based on
the generated data set of sub-surface transformations,

determiming at least one shear stress level parameter value
representative of shear stress i1n the contact zone,
wherein the shear stress level parameter value depends
on contact zone depth and exerted contact stress,

comparing the at least one shear stress level parameter
value with the data set of sub-surface transformations,

determining a set of shear intervals of consecutive shear
stress level values,
determining, for each shear interval, a frequency parameter
value representative of the number of sub-surface trans-
formations situated within each shear interval, and

estimating the fatigue parameter value by approximating
the relationship between the set of shear intervals and the
frequency parameter.
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13. The method according to claim 12, wherein the fatigue
parameter value 1s determined based on a shear stress level
parameter value below which none of the sub-surface trans-
formations generated during running of the rolling bearing
are formed.

14. The method according to claim 12, further comprising,
monitoring the occurrence of fatigue failure during running,
of the rolling bearing, and runming the rolling bearing until a
predetermined fatigue failure parameter 1s reached.

15. The method according to claim 12, wherein the exerted
load develops a rolling contact stress above 3000 MPa.

16. The method according to claim 12, wherein the load 1s

a radial point load.
17. The method according to claim 12, wherein the load 1s
fixed 1n relation to the rolling element contact zone.
18. The method according to claim 12, wherein the race-
way portion comprises a maximum load point, and
wherein the raceway portion extends, from the maximum
load point, at least one quarter of the complete raceway.
19. A method for determining a fatigue limit for rolling
contact mnitiated fatigue of a rolling bearing, the method com-
prising:
running a rolling bearing, having a plurality of rolling
clements arranged between an outer and an 1nner ring,
wherein the rolling bearing 1s exerted to a load which
generates sub-surface transformations in a rolling ele-
ment contact zone of the outer or inner ring, and
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identifying a set of sub-surface transformations 1n the con-
tact zone along a raceway portion of the rolling bearing,
and
measuring, for each sub-surface transformation in the race-
way portion, a position parameter value representative
of sub-surface depth and a stress parameter value repre-
sentative of contact stress 1n the contact zone, wherein
the method further comprises:
generating a data set of sub-surface transformations com-
prising the position parameter values 1n relation to the
stress parameter values for each sub-surface transforma-
tion,
determining a fatigue parameter value representative of a
predicted fatigue limit for the rolling bearing based on the
generated data set of sub-surface transtformations,
monitoring the occurrence of fatigue failure during run-
ning of the rolling bearing, and running the rolling bear-
ing until a predetermined fatigue failure parameter is
reached.
20. The method according to claim 19, wherein the fatigue

parameter value 1s determined based on a shear stress level
parameter value below which none of the sub-surface trans-
formations generated during running of the rolling bearing
are formed.
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